Abstract-An infinitesimally thin spiral antenna, sandwiched by bottom and top dielectric layers having the same relative permittivity, is analyzed under the condition that the dielectric layers are of finite extent and the antenna is backed by an infinite conducting plane. As the thickness of the top dielectric layer increases, the input impedance and axial ratio (AR) vary in an oscillatory fashion, with a period slightly larger than one-half of the guided wavelength of a wave propagating in an unbounded dielectric material. These oscillatory variations are reduced by adding a layer, called the "anti-reflection layer (ARL)," to the top dielectric layer. A representative spiral antenna with an ARL shows a frequency bandwidth of approximately 11% for a 3-dB AR criterion, having a gain of approximately 13 dBi (6 dBi higher than a printed spiral antenna without the top dielectric and ARL) and a voltage standing wave ratio of less than 1.2.
I. INTRODUCTION
A SPIRAL antenna located in free space bi-directionally radiates a circularly polarized wave [1] . This bi-directional beam can be changed to a unidirectional beam by backing the spiral with a conducting plane [2] , [3] . The space between the spiral and the conducting plane is often filled with a dielectric layer. Such a spiral antenna has been analyzed under the assumption that both dielectric layer and conducting plane are of infinite extent [4] , [5] .
From the viewpoint of size reduction, a spiral antenna printed on a dielectric layer of finite extent has also been analyzed [6] . The effects of the finite dielectric on the radiation characteristics are discussed, comparing them with those of an infinite dielectric layer.
If a dielectric layer is newly added on top of the spiral and has positive effects on the radiation characteristics (such as the axial ratio (AR) and gain), application areas of the spiral broaden. However, such a spiral antenna with a top dielectric layer has not been analyzed and the radiation characteristics have not been revealed. This paper, therefore, focuses on a spiral antenna with a top dielectric layer, as shown in Fig. 1 .
The top dielectric layer in this paper has the same permittivity as the bottom layer (substrate). In other words, the spiral is sandwiched by two dielectric layers of the same permittivity. The purpose of this paper is to reveal the effects of the top dielectric layer on the radiation characteristics, including the AR, input impedance, and gain for a circularly polarized antenna. Note that the spiral is infinitesimally thin, the top and bottom dielectric layers are of finite extent, and the conducting plane is assumed to be of infinite extent. This corresponds to a small antenna for mobile communications, sitting on the roof of an automobile. For analysis, the finite-difference time domain (FDTD) method is adopted [7] , [8] , where Yee's rectangular mesh [9] is used with Liao's second order absorbing boundary condition [10] . It is noted that the spiral arms are symmetric with respect to the feed point, and hence the symmetry condition is applied to reduce the computational space for the FDTD method.
First, techniques of evaluating the antenna characteristics on the basis of the FDTD method are briefly summarized. Second, the numerical results are presented. The periodic variation in the AR and input impedance as a function of the top dielectric layer thickness is discussed. The behavior of the gain as a function of is also presented.
0018-926X/04$20.00 © 2004 IEEE Third, one method of improving the AR is presented. The AR is improved by suppressing the wave reflected from the upper surface of the top dielectric layer. For this, a layer, called the "anti-reflection layer (ARL)," is added to the top dielectric, as shown in Fig. 9 . This idea derives from the concept of plane wave propagation in unbounded layers. The effects of the ARL on the input impedance and gain are also presented and discussed.
II. CONFIGURATION Fig. 1(a) shows the configuration and coordinate system of a two-arm spiral antenna, which is infinitesimally thin and sandwiched by two dielectric layers of the same relative permittivity . The dielectric layers have a square shape with side length L. The spiral is located at height (bottom dielectric layer thickness) above a conducting plane of infinite extent. The two spiral arms of width w are symmetrically wound with respect to feed point . Each spiral arm is composed of n filaments. The filament lengths along the centerline of the arm are . The distance (thickness) from the spiral plane to the upper surface of the top dielectric is denoted as . To simplify the discussion, the following parameters are fixed: arm width , number of filaments per arm , and filament lengths for , and , where ( is the FDTD cell size), and is the free space wavelength at a test frequency of 8 GHz. In this case, the spiral has a circumference [approximately ] of 1.24 guided wavelengths at 8 GHz, where the guided wavelength is assumed to be with and (no top dielectric layer). This circumference supports first-mode radiation [1] .
The , and L are varied subject to the objectives of the analysis.
III. SUMMARY OF NUMERICAL METHOD AND VALIDATION OF COMPUTER PROGRAMS
The analysis is performed using the FDTD method [7] - [9] , together with Liao's second order absorbing boundary condition [10] . Due to structural symmetry with respect to the feed point , the rectangular coordinate components of the electric field and magnetic field have the following relationships: and for and , and and . Use of these relationships allows one to reduce the calculation space to one-half of the original space ( , with being integers). The current I on each spiral arm is calculated by integrating the magnetic field around the spiral arm (Ampere's circuital law).
The far-field (radiation field) is evaluated by applying the equivalence theorem [11] , where two equivalent current densities on a surface S enclosing the antenna are used: electric current density and magnetic current density , where and are, respectively, the magnetic and electric fields on the enclosing surface S, and is the normal unit vector pointing out of the enclosing surface S. The spiral is a circularly polarized antenna, and hence it is useful to decompose the radiation field , expressed as , into a right-hand circularly polarized (RHCP) wave component and a left-hand circularly polarized (LHCP) wave component , where and are unit vectors in the spherical coordinate system . The decomposition leads to the relationships and , with , and all being complex numbers. Note that the relationship exists. Using and , the AR is calculated as . The gain for a RHCP wave, which the spiral shown in Fig. 1(a) is expected to radiate due to its winding sense, is given as , where , with being the peak value of the current at the input terminals and being the resistive component of the input impedance . The developed FDTD computer programs are validated by comparing results with those obtained using the method of moments (MoM) [4] . The following parameters are used for the validation; and in Fig. 1 , together with and the configuration parameters defined in Section II. The parameters represent a spiral in free-space with a conducting plane of infinite extent. The parameters represent a spiral printed on a dielectric layer of infinite extent, backed by a conducting plane of infinite extent. The FDTD results for these two spiral antennas (the current distribution I, far-field , AR, and gain ) are in good agreement with the MoM results. After validating the developed FDTD computer programs, the antenna characteristics are investigated in Sections IV and V.
IV. ANTENNA CHARACTERISTICS
Preliminary analysis is performed to investigate the effects of the finite side length L on the antenna characteristics. For this, three values of the bottom dielectric layer thickness , and ) are used, with and (no top dielectric layer). The remaining configuration parameters are defined in Section II.
The analysis as a function of the side length L reveals the following facts: For , (1) the input impedances for the three values , and converge, (2) the AR for is the lowest (less than 3 dB) for the three values of , and (3) the gain for is the highest for the three values of . For reference, the radiation patterns for are shown in Fig. 2 .
Based on the above results, and L are fixed to be and , respectively, for . Only the top dielectric layer thickness is varied in the following discussion.
The top dielectric layer of thickness is regarded as a waveguide structure for the wave generated by the spiral. When the wave reaches the upper surface of the top dielectric at height , it is desired that the wave completely radiates into free-space. If this radiation from the dielectric surface is not complete, part of the wave is reflected back in the direction. The reflected wave illuminates the spiral and disturbs the current distribution along the spiral, changing the antenna characteristics.
It is expected that the illuminations for and will be similar, if the wave for experiences a phase change of rad, passing through length , where m is an integer. Note that the wave for passes through a section of length twice, first as an incident wave and then as a reflected wave. The phase change rad corresponds to , where is the guided wavelength in the dielectric. This repetitive illumination means that the input impedance and AR (on the axis) should change with a period of approximately with respect to . The solid lines in Fig. 3 show the input impedance as a function of the thickness for an antenna depicted in Fig. 1 (the white dots will be explained later in Section V). Note that is normalized to the guided wavelength in the dielectric, where is adopted, assuming that the guided wavelength for the structure of a finite dielectric layer is close to the guided wavelength for a plane wave traveling in an unbounded space filled with a dielectric of relative permittivity . Detailed investigations show that maxima of the input resistance appear with a period slightly larger than 0.5 with respect to . This approximate period holds true for maxima of the input reactance as well. The radiation patterns are shown in Fig. 4 as a function of the thickness . It is found that, as the thickness increases, the radiation beam becomes narrower and side-lobe levels become higher.
The effect of thickness on the AR is noticeable, as shown in the solid lines in Fig. 5 , where the AR is the value on the axis (the white dots will be explained later in Section V). The AR has a period slightly larger than 0.5 with respect to . The degradation in the AR is due to currents reflected from the arm ends, which radiate an undesired LHCP wave, opposing the RHCP wave.
The combination of a current flowing toward the arm end and a reflected current from the arm end appears in the form of a standing wave current in a region near the arm end. Fig. 6 shows the current distribution as a function of the thickness , where the vertical axis on the left side is for the real ( : solid line) and imaginary ( : broken line) parts of the current , as well as the amplitude ( : dotted line). The vertical axis on the right side is for the phase of the current. Note that since the currents on the two arms are symmetric with respect to the feed point , only the current distribution on one arm is presented. As seen from the amplitude distributions in the region near the arm end , the standing waves in Fig. 6(b) , (d), and (f) are higher than those in Fig. 6(a) , (c), and (e). In other words, the reflected currents in Fig. 6(b), (d) , and (f) are larger than those in Fig. 6(a) , (c), and (e). It follows that the axial ratios of the radiation fields from the currents of Fig. 6(b), (d) , and (f) are degraded, compared with those of Fig. 6(a), (c) , and (e), as shown in Fig. 5 .
The solid line in Fig. 7 shows the gain for a RHCP wave in the direction as a function of thickness (the white dots will be explained later in Section V). As increases, the gain increases. However, after the gain reaches a maximum value, it decreases due to rising side-lobe levels.
Note that the maximum gain (approximately 13 dBi in Fig. 7 , obtained for an infinite ground plane) is not significantly affected by the size of the ground plane. When the ground plane has a square shape, the maximum gain is approximately13 dBi, provided that the side length of the ground plane is greater than 0.8 . Also, note that the gain shown in Fig. 7 is confirmed by numerical experiments using electromagnetic wave solvers: HFSS (finite element method, Ansoft Corporation) and MW-Studio (finite integration method, CST Corporation).
The gain is not determined only by the physical area of the top dielectric surface . The gain is also related to the length of the top dielectric , as in the case of a dielectric rod antenna, which usually has a long antenna length relative to the wavelength and a small open end surface area, defined as [12] . (Note that the gain of the dielectric rod antenna is expressed as , where is the effective area and is wider than the physical surface area
.) The length of the top dielectric affects the electric field distribution over a planar surface at (parallel to the plane and near the top dielectric surface. See the bottom of Fig. 8 ). The planar surface at is regarded as the secondary source plane for the radiation field. As the in-phase electric field area in the secondary source plane increases, the radiation beam becomes sharper and the gain increases. Fig. 8 shows the phase distribution of the RHCP wave component at , where the secondary source plane is chosen to be always higher than the top dielectric surface by ( mm). It is found that the in-phase electric field area becomes wider in the sequence , and . This is consistent with the gain becoming larger in the same sequence, as shown in Fig. 7 .
V. ANTI-REFLECTION LAYER
As shown by the solid lines in Figs. 3 and 5 , the input impedance and the AR vary as the thickness is changed. These variations are due to a reflected wave from the upper surface of the top dielectric layer at toward the spiral. This section describes the reduction of the variations in the input impedance and AR. For this, a dielectric layer of thickness and relative permittivity is added to the upper surface of the top dielectric layer, as shown in Fig. 9 .
It is inferred from the concept of plane wave propagation in unbounded layers that the reflected wave is reduced if the thickness is close to , where at a test frequency of 8 GHz, with . Note that (free space). This dielectric layer is designated as the ARL.
The effects of the ARL are confirmed by the white dots in Figs. 3 and 5 , where a dielectric layer of thickness and relative permittivity is used. It is clear that the variations in the input impedance and the AR are reduced, compared to those for the case without the ARL (the solid lines in Figs. 3 and 5) . It can also be seen from the white dots in Fig. 7 that the gain for the spiral with the ARL is smoother than that for the spiral without the ARL. (Note that the gain of a microstrip patch antenna with a top dielectric layer and an ARL shows behavior similar to that shown in Fig. 7) .
So far, a test frequency of 8 GHz has been used for the above discussion. Next, the frequency responses of the antenna characteristics are investigated, focusing on parameters , and , which produce an AR of 0.3 dB, as seen from the white dots in Fig. 5 . Fig. 10 shows the AR and gain as a function of frequency. It is found that the frequency bandwidth for a 3-dB AR criterion is approximately 11%. Within this bandwidth, the gain is approximately 13 dBi, which is 6 dBi higher than that for a printed spiral without the top dielectric and ARL ( and ) . Note that the voltage standing wave ratio is less than 1.2 within the same 11% bandwidth. 
VI. CONCLUSION
This paper presents a new spiral antenna, where the spiral is sandwiched by bottom and top finite-size dielectric layers of the same relative permittivity and backed by a conducting plane of infinite extent. The antenna characteristics as a function of the thickness of the top dielectric layer are calculated using the FDTD method. As increases, the input impedance and AR show oscillatory variations, with a period slightly larger than one-half of the guided wavelength of a plane wave propagating in an unbounded dielectric material. It is also found that, as increases, the radiation pattern becomes narrower and the gain reaches a maximum value. However, as further increases, the gain decreases due to rising side-lobe levels.
To reduce the oscillatory variations in the input impedance and AR with respect to , a layer, called the ARL, is added to the top dielectric layer. The ARL has a thickness of one-quarter guided wavelength , with a relative permittivity of , where
. It is confirmed that the variation of both the AR and input impedance is reduced.
The frequency response of a representative spiral antenna with an ARL shows that the AR bandwidth is approximately 11%. Within this bandwidth, the gain for a RHCP wave is approximately 13 dBi. This gain value is 6 dBi higher than that for a printed spiral without the top dielectric and ARL.
